ABSTRACT: Thirty-six crossbred steers (288 ± 3.7 kg initial BW) were used to determine the effect of Cr, as chromium-L-methionine, on glucose tolerance and insulin sensitivity in beef calves. Calves were fed a control diet or the diet supplemented with 400 or 800 g Cr/kg of diet as chromium-L-methionine. Calves were kept in drylots (six calves/pen; two pens/dietary treatment). Steers were caught twice a day in locking headgates and individually fed their respective diets for a period of 22, 23, or 24 d prior to the metabolic challenges. Calves received a totally mixed diet containing 54% corn, 38% cottonseed hulls, and 5% soybean meal. On d 21, 22, and 23, four calves/dietary treatment were fitted with an indwelling jugular catheter. Approximately 24 h after catheterization, an intravenous glucose tolerance test (500 mg glucose/kg of BW), followed 5 h later by an intravenous insulin challenge test (0.1 IU insulin/kg of BW), was conducted. There was no effect (P > 0.10) of dietary treatment on ADG or ADFI. During the intravenous glucose tolerance test, serum
Introduction
Chromium was first shown to be an essential nutrient for normal glucose metabolism in the rat by Schwarz and Mertz (1959) . Chromium is a component of a lowmolecular-weight substance that potentiates the action 3177 insulin concentrations were increased by supplemental chromium-L-methionine (linear effect of Cr, P < 0.05). There was a time × treatment interaction (P < 0.05) on plasma glucose concentrations after the glucose infusion. Plasma glucose concentrations of calves fed 400 g Cr/kg of diet were lower than those of controls and calves supplemented with 800 g Cr/kg of diet (quadratic effect of Cr, P < 0.05) 5 and 10 min after the glucose infusion. Supplemental chromium-L-methionine increased the glucose clearance rate from 5 to 10 min after the insulin challenge test (linear effect of Cr, P < 0.05). Glucose half-life from 5 to 10 min after the insulin infusion was also decreased by supplemental chromium-L-methionine (linear effect of Cr, P < 0.10). These data indicate that supplemental Cr, as chromium-L-methionine, increased glucose clearance rate after an insulin infusion and increased the insulin response to an intravenous glucose challenge in growing calves with functioning rumens. of insulin (Lukaski, 1999) . The bioavailability of Cr sources has been determined based on their ability to alter glucose metabolism (Anderson et al. 1978; Vinson and Hsiao, 1985) . Limited research has been conducted investigating the effect of supplemental Cr in cattle diets on glucose metabolism. Supplemental Cr, as chromium picolinate, increased glucose clearance rate and decreased glucose half-life and area under the curve in calves fed corn-cottonseed hull-based diets (Bunting et al., 1994) . In calves fed milk replacer, supplemental Cr, as a chromium-nicotinic acid complex, slowed the return to basal glucose concentration after an insulin infusion (Kegley et al., 1997b) . Chromium-L-methionine is a newly available organic chromium source whose bioavailability has not been previously determined in ruminants. The objective of this experiment was to assess the effect of 400 or 800 g supplemental Cr as chromium-L-methionine per kilogram of diet on glucose tolerance and insulin sensitivity of beef calves.
Materials and Methods
The University of Arkansas Animal Care and Use Committee approved handling and blood sampling of steers. Crossbred steer calves (n = 40) were obtained from a single commercial farm. Calves were from crossbred cows and were sired by Charolais bulls. Steers were weaned and transported to the University of Arkansas beef farm near Fayetteville on October 28, 1997. Steers were treated for parasites (Ivomec, Merck & Co., Rahway, NJ) and injected with a modified live vaccine for infectious bovine rhinotracheitis virus, bovine viral diarrhea, parainfluenza-3, and bovine respiratory syncytial virus (Pyramid MLV 4, Fort Dodge Laboratories, Fort Dodge, IA) and a clostridial vaccine (Cl. chauvoei, Cl. septicum, Cl. novyi, Cl. sordellii, Cl. perfringens types C and D; Boehringer Ingelheim Animal Health, St. Joseph, MO) .
Steers were kept in 30-× 46-m drylots and had ad libitum access to water. Beginning 1 wk after arrival, steers were trained to use the feeding system for 21 d before the experiment began. Twice daily, at 0730 and 1430, calves were moved to a feeding barn containing 36 locking feeding gates, where they were offered feed for approximately 45 min. During this training period, all calves were offered a corn-based supplement at the feeding gates and had ad libitum access to hay while in the drylots. Thirty-six of the original 40 calves were selected for use in the experiment, based on their willingness to adapt to the feeding system. Body weights were taken before the morning feeding on d 0.
Calves were blocked by weight (two blocks) and randomly assigned to pen (three pens/block, six steers/pen). Pens within a block were randomly assigned to treatment. The body weight of the calves at the beginning of the experiment was 288 ± 3.7 kg.
The three dietary treatments included a control diet or the control diet supplemented with 400 or 800 g chromium/kg of DM. The source of Cr was chromium-L-methionine (Zinpro Corp., Eden Prairie, MN). For treatments containing supplemental Cr, the appropriate amount of chromium-L-methionine was mixed with ground corn in the research lab in a twin-shell dry blender (The Patterson and Kelley Co., East Stroudsburg, PA), and then the premix was added in appropriate amounts to the diets at the feed mill. The diet was formulated to meet, or exceed, NRC (1996) recommendations (Table 1) . Calves were offered an amount greater than most would consume each day. When orts were less than approximately 5% of feed offered, the amount of feed offered was increased. Feed refusals were weighed and recorded.
Calves were fed their respective diets for 22, 23, or 24 d. On d 21, 22, and 23, four calves per dietary treatment were fitted with an indwelling jugular catheter. Calves were weighed before the morning feeding on d 21, 22, or 23. At the time of catheterization, the BW of the calves was 311 ± 3.7 kg. The next day, 2 h after being offered the morning feeding, steers were infused i.v. with 1 mL of a 50% glucose solution/kg of BW (0.5 g of glucose/kg of BW; intravenous glucose tolerance test [IVGTT] ). Five hours later steers were infused i.v. with 0.1 mL of an insulin solution/kg of BW (0.1 IU insulin/kg of BW; intravenous insulin challenge test [IVICT] ). The insulin infusate (1 IU/mL) was made using sterile phosphate-buffered saline and contained 1 mg bovine serum albumin/mL. Blood samples were obtained immediately before (−10 and 0) and 5, 10, 15, 30, 45, 60, 90, 120 , and 150 min after each infusion. One sample was lost after collection (IVICT, control diet, 150-min sampling time).
Blood for plasma glucose was collected into tubes containing potassium oxalate and sodium fluoride (Vacutainer 6470, Becton Dickinson, Rutherford, NJ) and kept on ice until it was centrifuged. Plasma was stored frozen until analysis using a spectrophotometric procedure of a commercially available kit (Sigma, 1990) . Glucose clearance rate (percentage/minute) and half-life following the infusions were calculated for time intervals between 10 and 45 min for the IVGTT and between 0 and 30 min for the IVICT (Kaneko, 1998) . Areas under the glucose or insulin response curves relative to basal concentrations were calculated using trapezoidal geometry for time periods from 0 to 150 min after infusion.
Blood was collected into glass tubes and allowed to clot before serum was collected after centrifugation. Serum insulin concentrations were determined using a commercially available solid phase radioimmunoassay kit (Diagnostic Products Corp., Los Angeles, CA). The intraassay and interassay coefficients of variation were 10 and 2%, respectively. Serum from the −10-min sampling time was analyzed for NEFA (Johnson and Peters, 1993) and urea N concentrations. Serum urea N was determined using a clinical analyzer (550 Express, Ciba-Corning, Medfield, MA).
The plasma glucose and serum insulin concentrations and the insulin:glucose ratios after each infusion were analyzed using the MIXED procedures of SAS (SAS Inst. Inc., Cary, NC). A spatial structure, SP(POW), was used as the covariance structure. The model included dietary treatment, block, time, and the time × dietary treatment interaction. The subject of the repeated statement was calf. When a significant time × dietary treatment interaction was detected, data from each time were analyzed using the MIXED procedure. The glucose and insulin kinetic data, NEFA and urea N concentrations, and growth performance data were analyzed using the GLM procedure of SAS. The model included block, and dietary treatment. Individual animal was used as the experimental unit. Least squares means were reported. Preplanned linear and quadratic contrasts were performed on all data when there was no treatment × time interaction and were performed at each time when an interaction was detected.
Results and Discussion
There was no effect (P > 0.10) of Cr supplementation on ADG, DMI, or gain:feed ratio during the 21-to 23-d feeding period (Table 2 ). Supplemental Cr, as highchromium yeast (Chang and Mowat, 1992; MoonsieShageer and Mowat, 1993) and chromium-nicotinic acid complex (Kegley et al., 1997a) , has increased ADG of calves in some studies. However, in other experiments, supplemental Cr, as chromium chloride, high-chromium yeast, chromium-nicotinic acid complex (Kegley and Spears, 1995) , or chelated chromium (Mathison and Engstrom, 1995; Wright et al., 1995) , has not affected ADG. These variable results may reflect differences in Cr status of the calves, the amount of stress to which the calves had been exposed, the amount and bioavailablity of Cr in the basal diet, or the bioavailablity of the supplemental Cr source.
Two hours after feeding, and before the IVGTT, serum NEFA concentrations were not affected (P > 0.10) by supplemental chromium-L-methionine (Table 3 ). In Table 3 . Effect of chromium-L-methionine on serum nonesterified fatty acid and urea N concentrations in beef steers, 2 h after feeding other studies with ruminants, NEFA concentrations have been decreased by supplemental Cr as chromium picolinate (Kitchalong et al., 1995) or chelated chromium or, similar to this study, no differences were observed due to supplemental Cr as chromium picolinate (Besong et al., 1996) or aminoacid-chelated chromium . If Cr increases insulin sensitivity, lipogenesis should be stimulated and lipolysis inhibited, theoretically resulting in decreased NEFA concentrations. Serum urea N concentrations 2 h after feeding were increased (P < 0.001) by supplemental chromium-L-methionine. Kitchalong et al. (1995) did not observe an effect of supplemental Cr as chromium picolinate on plasma urea N 3 h after feeding in lambs, nor did Bunting et al. (1994) with calves. However, in growing steers, supplementation with a high-chromium yeast increased serum urea N (Chang and Mowat, 1992) .
Intravenous Glucose Tolerance Test. There was a significant time × dietary treatment interaction (P < 0.05) on plasma glucose concentrations after the glucose infusion (Figure 1 ). Plasma glucose concentrations of calves fed 400 g supplemental Cr as chromium-L-methionine/ kg of diet were lower than those of controls and calves supplemented with 800 g supplemental Cr/kg of diet 5 and 10 min after the glucose infusion, but by 15 min after glucose infusion, there were no differences in plasma glucose concentrations due to supplemental Cr. Kegley and Spears (1995) observed increased plasma glucose concentrations at 15 min after an IVGTT for calves supplemented with 400 g Cr as chromium-nicotinic acid complex/kg of diet, and then their plasma glucose concentrations decreased more rapidly than those of unsupplemented calves.
There was no significant effect (P > 0.10) of dietary treatment on area under the glucose curve from 0 to Figure 1 . Effect of chromium-L-methionine on plasma glucose concentrations (least squares mean ± SEM) after an i.v. glucose tolerance test. Significant time × dietary treatment interaction (P < 0.05). Q* = quadratic effect of supplemental Cr (P < 0.05).
60 min or 0 to 150 min (Table 4 ). Glucose clearance rates and glucose half-lives after the intravenous glucose tolerance test (Table 4) were not affected (P > 0.10) by dietary treatment. In contrast, Bunting et al. (1994) observed increased glucose clearance rates after an IVGTT in calves supplemented with chromium picolinate. The diet in that study contained less roughage than that in the current experiment (30% cottonseed hulls vs 38%) and the calves used were lighter, and thus probably younger.
There was a linear effect (P < 0.05) of supplemental chromium-L-methionine on serum insulin concentrations after the glucose infusion (Figure 2 ). Calves fed increasing concentrations of chromium-L-methionine had greater insulin responses than control calves after the glucose infusion. Area under the insulin curve between 0 and 60 min after IVGTT was greater (P < 0.05) for calves supplemented with chromium-L-methionine (Table 4) . Kegley and Spears (1995) also reported increased serum insulin concentrations in calves supplemented with chromium-nicotinic acid complex; however, Bunting et al. (1994) reported that supplemental Cr as chromium picolinate did not affect insulin concentrations of calves after an IVGTT. In lambs, chromium picolinate increased the concentration of insulin after an IVGTT after 2 wk on the experiment, but there was no difference after 10 wk (Kitchalong et al., 1995) .
There was no time × treatment interaction (P > 0.10) on the insulin:glucose ratio after the IVGTT. There was a tendency (P < 0.09) for a linear effect of supplemental Cr as chromium-L-methionine on the insulin:glucose Linear effect of Cr supplementation (P < 0.10).
c Linear effect of Cr supplementation (P = 0.12).
ratio after the IVGTT (Table 4) . Increasing concentrations of supplemental chromium-L-methionine increased the insulin:glucose ratios after the glucose infusion, due to the observed increase in insulin concentration in Cr-supplemented calves.
Intravenous Insulin Challenge Test. There was a linear effect (P < 0.05) of supplemental dietary Cr as chromium-L-methionine on glucose clearance rate (Table  5) when measured between 5 to 10 min after insulin infusion. Steers fed 800 g Cr/kg of diet had the greatest glucose clearance rate, whereas steers fed 400 g Cr/ kg of diet were intermediate. Glucose half-life was also decreased in a linear manner by supplemental Cr from 5 to 10 min (P = 0.08) and 15 to 30 min (P = 0.12) after insulin infusion. However, area under the glucose curve was not affected (P > 0.10) after the insulin challenge test by dietary treatment from 0 to 150 min. After an IVICT, calves supplemented with chromium picolinate had increased glucose clearance rates; however, their plasma glucose concentrations tended to return to baseline concentrations more rapidly (Bunting et al., 1994) . There was not a time × treatment interaction (P > 0.10) on plasma glucose concentrations after the IVICT. There was a linear effect of supplemental chromium-Lmethionine (P < 0.05) on plasma glucose concentrations after the insulin challenge test (Figure 3) . Calves fed increasing concentrations of chromium-L-methionine had reduced concentrations of plasma glucose after the insulin infusion. Preweaned calves supplemented with chromium-nicotinic acid complex had lower plasma glucose concentrations from 90 to 180 min after an insulin challenge than calves supplemented with chromium chloride (Kegley et al., 1997b) .
There was a time × dietary treatment interaction (P < 0.01) on serum insulin concentrations after the insulin infusion (Figure 4) . Steers fed 800 g Cr as chromium-L-methionine/kg of diet had the greatest serum insulin concentrations 5 min after the insulin infusion (quadratic effect of supplemental Cr, P = 0.08). Calves fed supplemental Cr had greater serum insulin concentrations (linear effect of supplemental Cr, P = 0.05) 15 min after insulin infusion. There were no differences (P > 0.10) in serum insulin concentrations due to supplemental Cr at other sampling times. There was no effect (P > 0.10) on the area under the insulin curve from 0 to 150 min after the insulin infusion (Table 5) .
There was a time × dietary treatment interaction (P < 0.01) on the insulin:glucose ratios after the insulin challenge test (Figure 5 ). At 5 and 15 min after the insulin infusion, there was a linear effect of supplemental Cr: calves supplemented with Cr as chromium-Lmethionine had greater insulin:glucose ratios than con- trol calves. There were no differences in insulin:glucose ratios due to supplemental Cr at the other sampling times.
Increased insulin:glucose ratios, as observed after both infusions in this study, are generally indicative of reduced insulin sensitivity. In nonruminants, and in some trials with ruminants, indications are that Cr increases insulin sensitivity (NRC, 1997). However, there are other data for ruminants contradicting this (NRC, 1997) . Supplemental Cr as chelated chromium decreased the insulin:glucose ratios of primiparous cows prior to calving; however, after calving, the Crsupplemented, primiparous cows had increased insu- Figure 5 . Effect of chromium-L-methionine on the ratio of serum insulin:plasma glucose (least squares mean ± SEM) after an i.v. insulin infusion. Significant time × dietary treatment interaction (P < 0.01). L* = linear effect of supplemental Cr (P < 0.05) at 5 and 15 min after infusion.
lin:glucose ratios . After a propionate loading test in calves, Bunting et al. (2000) suggested that the model indicated that Cr as chromium propionate had a greater effect on increasing insulin secretion than on insulin sensitivity. Striffler et al. (1993) , using perfused rat pancreas, observed that supplemental dietary Cr as chromium chloride increased insulin secretion. Further work must be conducted to elucidate the impact of supplemental bioavailable Cr on ruminants.
Implications
Currently, chromium is not approved for addition to cattle diets. In the present study, chromium-L-methionine supplementation increased the glucose clearance rate of growing beef calves after an intravenous insulin challenge. Supplemental chromium-L-methionine also increased serum insulin concentrations after an intravenous glucose challenge. Therefore, chromium-L-methionine was a bioavailable source of chromium, altering glucose and insulin metabolism in growing beef calves. More research must be done to determine the impact of this supplemental chromium source on immune function, body composition, and growth performance.
